A robust molten steel level controller is developed for a strip-casting process by using the quantitative feedback theory (QFT). The plant model for the molten steel level system is first developed as a linear timeinvariant system with parametric uncertainties. The parametric uncertainties reflect the uncertain discharge coefficients of the immersion nozzle and the stopper, the uncertain transport delay of the molten steel supply system, and the various hot strip production rate of the strip-casting process. In this paper, the robust stability requirement, reference tracking capability, and disturbance rejection capability at the plant input are specified in terms of the bounds on the magnitude of the closed-loop transfer function. Then the loop shaping technique is used to design a robust QFT controller in such a way that the nominal loop transmission can meet the constraints. The simulation and experimental results show that the performance of the closed-loop system with the proposed controller is better than that with a conventional PID controller.
Introduction
Quantitative feedback theory (QFT), known as an efficient frequency domain design tool 1, 2) for uncertain LTI systems, has been widely used in a number of control systems. 3, 4) QFT employs a 2-degree-of-freedom (2-DOF) method with a prefilter F(s) and a feedback controller G(s). The robustness and performance specifications of the LTI system P(s) with parametric uncertainties are graphically represented in the frequency domain, and the 2-DOF method is used to satisfy these specifications.
5) The QFT technique was first proposed by Issac Horowitz in 1963. 6) A key step in the QFT technique is to generate plant templates with a small computational burden. A plant template is a set of complex numbers representing the frequency responses at a given frequency when all uncertain parameters traverse the given domain. 1, 3, 4) Several computationally tractable methods for generating plant templates at several frequencies were introduced by Bartlett et al., 7) Chen et al., 8) and Jürgen Ackermann.
9) The Nichols chart was used to analyze the robust stability by Cohen et al. 10) and a sufficient condition for the existence of a robust QFT controller was suggested by Jayasuriya et al. 11) A simple method that converts the bounds on the magnitude of the closed-loop transfer function into magnitude and phase constraints on the loop transmission L(s)ϭG(s)P(s) was developed by Chait et al. 12) These constraints are called QFT bounds in the QFT literature. At the controller design stage, the nominal loop transmission L O (s)ϭG(s)P O (s) given the nominal plant P O (s) is graphically arranged to satisfy the constraints on the Nichols chart. [3] [4] [5] [6] In this paper, the QFT technique is used to develop a robust controller for the molten steel level system in a stripcasting process. 13, 14) The strip-casting process directly produces hot strip from the molten steel. As a next-generation casting technology for saving energy and production cost, the strip-casting process began attracting renewed attention at the end of the 20th century. After more than fifteen years of pilot plant operations, POSCO recently began construction on a commercial strip-caster plant, the outline of which is shown in Fig. 1 .
As shown in Fig. 1 , the strip-casting process consists of major control tasks such as molten steel level control, roll gap control, edge dam control, in-line rolling mill control, strip cooling control, and strip tension control. Among these tasks, molten steel level control is the most important due to the following reasons:
1) The strip quality depends closely on the molten steel level because it affects the molten steel solidification rate at the sump. 2) The expensive twin roll can be damaged by poor molten steel level control. 3) Molten steel overflow may severely damage the surrounding equipment and an insufficient amount of molten steel at the sump may cut the strip off. A number of studies have been performed on molten steel level control of the continuous casting process, which is similar in principle to the strip-casting process. A modelbased controller based on the on-line estimates of the discharge coefficients and the clogging states of the immersion nozzle was developed by Barrón et al., 15) but it did not address the sudden changes of the clogging states. To overcome the drawback, a robust controller based on the H ∞ technique was developed by Kitada et al. 16) On the other hand, few studies have been done on molten steel level control of the strip-casting process. Stable adaptive fuzzy controllers have been suggested by Lee et al. 17) and Joo et al., 18) and their stability have been proved by using the Lyapunov stability theorem. But these controllers also did not consider the sudden nature of the clogging states. And they did not include the transport delay of the molten steel supply system and the dynamics of the immersion nozzle in their models. To improve these limitations, the immersion nozzle and the transport delay are considered in the plant model and a QFT controller is developed in this paper, which is robust under the sudden changes of clogging states as well as transport delay. This paper is organized as follows. In Sec. 2, a plant model is developed for a molten steel level system at the sump. A design for a robust QFT controller that consists of a prefilter and a feedback controller is presented in Sec. 3. Simulation and experimental results are provided in Secs. 4 and 5. Finally, out conclusions are given in Sec. 6.
Plant Model for the Molten Steel Level at the Sump in the Strip-casting Process
The molten steel supply system and the sump are shown in (1) where V 1 and V 2 are respectively the volumes of the molten steel at the sump and the immersion nozzle; Q 0 is the hot strip production rate at the roll nip; Q 1 and Q 2 are respectively the volumetric flowrates of the molten steel through the bottom holes of the immersion nozzle, and the opening area between the stopper and the tundish bottom hole; T 1 is the time it takes for the molten steel to flow from the immersion nozzle to the sump and T 2 is the time it takes for the molten steel to flow from the tundish to the immersion nozzle.
Q 0 , Q 1 and Q 2 are given by
where C 1 and C 2 are respectively the discharge coefficients of the immersion nozzle and the stopper; L R is the cylindrical length of the twin roll; r g is the roll gap; v r is the linear speed of the rotating twin roll; g is the gravity constant; x 2 is the molten steel level at the immersion nozzle; x 3 is the stopper height; h T is the molten steel level at the tundish; A 1 is the constant area that consists of several bottom holes at the immersion nozzle; A 2 is the opening area with the truncated cone shape that is controlled by the stopper height (Fig. 2) . The relationship between A 2 and x 3 can be calculated from the geometry of the stopper and the tundish bottom hole. As shown in Fig. 3 , A 2 is approximately linearly related with x 3 as follows:
where k s is the uncertain proportional coefficient; k¯s is the nominal value of Dk s ; k s is the uncertain interval around k¯s.
We assume that the hot strip production rate Q 0 is a (4) where k 0 is the uncertain proportional coefficient; k¯0 is the nominal value of k 0 ; Dk 0 is the uncertain interval around k¯0.
The casting experiments data at the steady state are used to determine C 1 and C 2 . Because V 1 and V 2 in Eq. (1) are constant at the steady state, Q 0 and Q 2 are equal to Q 1 at the steady state. The distributions of the calculated C 1 and C 2 are shown in Fig. 5 . Therefore, C 1 and C 2 can be represented as: where C 1 and C 2 are respectively the nominal values of C 1 and C 2 ; DC 1 and DC 2 are respectively the uncertain intervals around C 1 and C 2 .
From the geometry as given in Fig. 2 , the volumetric change rates of the molten steel at the sump and the immersion nozzle can be respectively described as 17, 18) ........ (6) where L O and D O are respectively the length and the width of the bottom part of the outer immersion nozzle; R is the radius of the twin roll; q O is the vertical angle of the immersion nozzle side; H O is the distance between the bottom part of the outer immersion nozzle and the roll nip; L I and D I are respectively the length and the width of the bottom part of the inner immersion nozzle. Combining Eqs. (1)- (6) results in the dynamics of the molten steel level at the sump and the immersion nozzle as follows:
........ (7) Because the immersion nozzle is submerged in the sump, we assume that the time delay T 1 is zero. Equation (7) can be linearized around the operating points of x 1 , x 2 and x 3 as follows:
........... (8) where x i is the operating point of x i for iϭ1, 2, 3 and dx i ϭx i Ϫx i is the deviations around x i ; k 1 , k 2 , k d1 and k d2 are respectively given by .... (9) When dx 1 and dx 3 are respectively replaced with z and w, the transfer function of the linearized molten steel model P 1 (s) is given by (11) where u is the incremental variable dv. Because the bandwidth of P 2 (s) is much wider than that of P 1 (s), we can assume that P 2 (s) is fully known without any uncertainty.
Robust QFT Controller Design for Molten Steel Level System
From Eqs. (10) and (11), the linearized plant model from the stopper height reference to the molten steel level at the sump is given as the LTI system with uncertain parameters:
where k 3 ϭk d1 · k d2 ; The nominal values and the uncertain intervals around the nominal values are given in Table 1 .
The following questions should be answered before designing the robust QFT controller in the frequency domain: 1) how to select the closed-loop bandwidth, 2) how to generate a plant template at each frequency, and 3) how to select the nominal plant P O (s) in order to obtain the desired frequency response of L O (s). To answer the first question, we have to consider the effect of the time delay term T d on the stability of P(s)ϭP c (s) · e ϪT d s . For this purpose, we can use the Nyquist plot of P c (s) and the critical trajectory e ϪjwT d as shown in Fig. 6 .
2 Second, a plant template at a fixed frequency has a simply connected shape because the plant model P(s) has no uncertainty about the order of P(s) and does not have any right half plane poles. Therefore, only the template boundary can be considered to reduce the computational burden in generating the template. For this type of plants where the denominator coefficients are coupled, the template boundary is fully described by the edge segments 7) and the interior points such that the Jacobian matrix 8) becomes singular. But, for all P(s) in Eq. (12) , this Jacobian matrix is of full rank, and thus we do not need to consider the interior points to build the template boundary. Therefore, we focus on the edge segments only for this uncertain plant, and grid each edge into three points, and generate the template by using these grid points. As shown in Fig. 7 , the template at a Finally, it is to be noted that the plant model with any k 1 , k 2 , k 3 and T d in the uncertain intervals can be chosen as a nominal plant P 0 (s) since P meets the zero exclusion condition. 5) For robust stability and performance, we set up the following three constraints that should be satisfied with a feedback controller G(s) and a prefilter F(s) as shown in Fig. 8 . The upper bound 1.73 imposed on the magnitude of the closed-loop transfer function is an outcome of the tradeoff between the robust stability and the successive robust performances. The lower limit in the frequency range is set at 0.03 [rad/s] because the template shapes below this frequency do not show any significant difference in Fig. 7 . And the upper limit in the frequency range is set at 3 [rad/s], which is determined from the critical frequency.
2) Reference Tracking Constraint:
.............. (14) where the lower and upper tracking bounds are given by ..... (15) These bounds are determined by the step response characteristics such as peak overshoot and rising time. The rising times of T L (s) and T U (s) are set at 27 s and 8 s. The peak overshoot of T U (s) is set at 0.4% but T L (s) is set to be overdamped. The closed-loop frequency responses of T L (s) and T U (s) are respectively plotted in Fig. 9(a) and 9(b) .
3) Disturbance Rejection Constraint at the Plant Input: Disturbance at the plant input accounts for sudden changes of the clogging states of the immersion nozzle and the stopper, which result in sudden changes of the discharge coeffi- Three QFT bounds on the loop transmission L(s) are calculated from the above robust stability and performance constraints (13)- (16) . At each frequency, the worst-case bound among these bounds is extracted on the Nichols chart as shown in Fig. 10 . 3, 12) In designing the feedback controller G(s), we choose the P(s) with k¯1, k¯2, k¯3 and T d as a nominal plant P O (s). G(s) should be designed in such a way that the nominal loop transmission L O (s) is arranged to satisfy the worst-case bound at each frequency. As shown in Fig. 10 , this implies that L O (s) must be placed above the worst-case bounds at low frequencies and not enter into the circle-shape worst-case bounds at high frequencies. G(s) should be supplemented with an integrator in order to achieve zero steady-state error under the unity-feedback configuration in Fig. 8 . The high frequency poles should be inserted in G(s) to prevent the noise from degrading the control performance. Therefore, G(s) is determined as As shown in Fig. 10 , L O (s) meets the worst-case bound constraint at each frequency.
The prefilter F(s) should be used to satisfy the constraint (14) about the peak overshoot and the rising time because G(s) in Eq. (14) is only designed to assures that the difference between the minimum and maximum magnitudes of L(s) is smaller than the difference between the magnitudes of T L (s) and T U (s).
3) Therefore, an appropriate prefilter that satisfies the reference tracking constraint is selected as 
Simulation Results
To confirm the validity of the proposed controller, the control system in Fig. 8 is simulated in MATLAB software. In order to make the simulation procedure as close to the actual system as possible, the casting experiments data collected from the field are used to generate Q 0 as shown in Fig. 11 .
Simulation tests are performed on 3 4 number of the nonlinear time-delay plant (7) that are generated by using the minimum, maximum and midpoint values of C 1 , C 2 , T d and Q 0 in Eq. (7). The magnitudes of the closed-loop frequency response are given in Fig. 9 (a) and their step responses are given in Fig. 9(b) . As shown in Fig. 9 , we see that the reference tracking constraint is satisfied in both time and frequency domains.
When the conventional PID controller and the proposed controller are applied to the molten steel level system, their closed-loop responses subject to disturbances at the plant input are shown in Fig. 12 . In the simulation setting, the disturbance at the plant input represents the sudden changes of clogging states of the immersion nozzle and the stopper that their discharge coefficients jump abruptly from minimum values to maximum values. As shown in Fig. 12 , the performance of the proposed controller is better than that of the PID controller in disturbance rejection capability. The closed-loop response with the proposed controller is desirable because the maximum overshoot of the molten steel level due to disturbances at the plant input is kept within 5%, which is the safe margin for protecting the surrounding equipments from the molten steel. 
Experimental Results
The experimental environment consists of a servo motor drive system with a LVDT sensor, an image processing system with a line scan camera for measuring the molten steel level, and a Motorola 68 K embedded system that runs on the VxWorks real-time operating system. The clock period for the molten steel level control system is 20 ms and the image processing system measures the molten steel level data every 10 ms.
The measured data is usually corrupted with the electric noise as well as the molten steel ripple at the sump. Due to the time delay, the closed-loop bandwidth must be set to 3 The proposed controller and the filter described by Eqs. (17)-(19) are discretized and implemented in the POSCO pilot strip-casting plant. Due to the interference of the surrounding equipments, the camera has a narrow measuring range from 60 to 110 % of the normalized target level. During the starting phase, we fully open the stopper until the molten steel level at the sump reaches 63 % of the target level. The starting phase continues for 9-11 s. Once the level reaches this value, the automatic control is activated and the normal phase begins. Therefore, the prefilter, which is discretized to be an IIR filter and activated during the normal phase, begins to operate with the initial value at 63 % of the target level.
As shown in Fig. 13 , the experiments are performed on the system with the PID controller and the proposed controller. In the reference tracking experiments, the closedloop response with the proposed controller shows 2 % overshoot and that with the PID controller shows 7 % overshoot. The overall rising time is the time for the start phase plus the rising time as given in Fig. 13(b) . Therefore the rising time constraint for the reference tracking in Fig. 9(b) is satisfied by the proposed controller because the overall rising time is about 20 s. The response may be slow but free from overshoot.
In strip-casting process, the most distinct disturbance is the sudden change of the clogging states of the immersion nozzle and the stopper, which are reflected in the discharge coefficients of the immersion nozzle and the stopper. The experimental test under the disturbance was not really possible. We could not change the clogging states of the the nozzle or the stopper because it is extremely dangerous to implement if not impossible. In addition, the change of the clogging states does not occur often and we could not wait indefinitely for the disturbance to occur. So, only from the simulation test, we were able to verify the results that the proposed controller is properly operated against the disturbance.
Conclusion
In this paper, a robust QFT controller is proposed for the molten steel level control of the strip-casting process. The original nonlinear time-delay molten steel level system is modeled as a linearized fifth-order model with 4 parametric uncertainties. This model includes the transport delay of the molten level supply system and the dynamics of the immersion nozzle. Robust performance specifications in the frequency domain are derived from the casting experiments and the proposed controller is developed by using the loop shaping technique. The simulation and experiment show that the molten steel level system with the proposed controller has the following results.
(1) The maximum overshoot of the step response is kept within 2 %.
(2) The maximum overshoot of the step disturbances due to worst-case changes of the clogging states at the immersion nozzle and the stopper can be kept within 5 % in real situations.
